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Abstract. Using the methods of scanning electron (SEM) and atom force microscopy 
(AFM) as well as photoluminescence (PL) and Raman micro-spectroscopy, we 
investigated Zni-^CoxO films {x = 5 and 15%) grown by molecular beam epitaxy on 
sapphire substrates. It is found that the films have a nanocrystalline structure with the 
grain size decreased from 150 down to 28 nm at changing the Co concentration from 
5 to 15%. High-resolution SEM images of Zuq s^Coo.i^O film have been interpreted 
as inhomogeneous lateral distribution of Co atoms. 

Two broad emission bands observed in spectra of band-to-band PL are ascribed 
to emission from Zni-xCoxO nano-regions enriched and depleted with Co. In 
low-temperature PL spectra under sub-band excitation of Zni^xCoxO films, there 
observed are intra-center optical transitions due to Co^+ center: ^E{C), ^Ai{G), 
2Ti(G), *Ti{P), 2T2(G) — > '^A2{F). Offered is a new approach to interpretation 
of resonant enhancement observed in multi-phonon scattering by LO phonons in 
Zni-xCoxO under sub-bandgap excitation combined with the extrinsic Frohlich 
interaction mediated via a localized exciton bound to the isoelectronic impurity in 
which the electron is strongly localized at the magnetic Co^~^ ion. This conclusion 
is confirmed by the dependence of Raman spectra on the quantum energy of exciting 
radiation. It assumes formation of intermediated sub-band electron excited states of 
isoelectron Co dopant, they are also referred to as charge transfer processes. 
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1. Introduction 

ZnO nanostructures with impurities of Sd-metals are promising materials for devices in 
opto- and nanoelectronics, spintronics as direct-band material with a high width of the 
forbidden gap (3.37 eV) and high bound energy of excitons at room temperature (~ 60 
meV) p. 

As it is commonly considered, doping the ZnO epitaxial films with transition metals 
Co or Mn is able to essentially change the local structure of crystalline lattice, which 
influences on electron and magnetic properties of material. However, up to date the 
electronic structure of 3c?-centers in ZnO remains unstudied in detail. It was shown 
that magnetic properties of Co-doped ZnO films depend on the method of growing [2] 
and structural defects [3]. Also observed was ferromagnetic ordering in Z^i.^-Co^^O 
{x = 0.05 — 0.25) with the Curie temperature 280 — 400 °C, and it was shown that 
growth in the charge carrier concentration provides enhanced ferromagnetism [4j. For 
this case, exchange interaction between magnetic impurities is indirect and realized 
either via charge carriers [5], or defects and/or impurity electron states with a non-zero 
spin [6], the magnetization value being essentially dependent on the concentration of 
free charge carriers and Fermi level position. The n-type conductivity in ZnO is caused 
by oxygen vacancies Vq {E^ = 0.3eV) as well as interstitial Zni {Ed = 0.25 eV) [7j. 
Therefore, for n-type Zni-xCo^O where one can observe carrier-induced ferromagnetism 
above room temperature [6] with exchange interaction between localized spins of d- 
electrons in the Co^"^ center and electron states of shallow donors with a non-zero 
spin, offered is the so-called magnetic-polaron model of high-temperature magnetism. 
However, the energy of magnetic polaron is sufficiently low [8J, and, respectively, no 
quantitative experimental proofs to support the polaron model are found yet. There 
exist some other theoretical models where ferromagnetic ordering is realized due to 
inhomogeneous distribution of magnetic impurities in crystalline lattice [9]. Formation 
of a special network of nano-sized clusters with various 3(i-component composition 
(spinodal component decomposition) can be responsible for ferromagnetic ordering at 
temperatures higher than the room one [9]. 

A non-significant difference between ionic radii of Co^+ and Zn^+ in tetrahedral 
coordination (ionic radius of Co^+ is equal to 0.56 A, Zn'^~^ - 0.58 A) should promote 
efficient dissolution of Co in ZnO and cause a weak distortion in crystalline lattice. As 
recently shown, Co solubility in the wurtzite ZnO matrix sharply increases with lowering 
the grain sizes of ZnO crystallites. There obtained were MBE-grown Zni_xCoxO 
films with X < 15% and sizes of crystalline grains 20 — lOOnm [TO]. Also synthesized 
were colloidal Zni^^CoxO wurtzite nanocrystals {d < lOnm) with < x < 1 
Observed in solid solutions of wurtzite-type Zni^^Co^O was the effect of spinodal 
component decomposition and creation of local nano-regions enriched with magnetic 
impurities |9l [12] . Similar nano-regions with spinodal component decomposition were 
found in DMS nano-structures {d ~ 50nm) [13j. It was shown that the local nano- 
regions of spinodal decomposition in the case of Gai^xMn^As DMS nano-structures 
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are considerably less {d ~ Sum) [T3] . 

The method of Raman scattering is widely used for studying the phonon properties 
and secondary impurity phases in Zui^rcCoxO [15]. The electron structure of defect-ion 
Co^"^ centers in ZnO matrix was investigated using the method of resonant Raman 
scattering in the only work [16]. In this work, the resonant Raman process under sub- 
bandgap excitation of Zui^xCoxO polycrystals was explained as based on interaction 
of LO phonons with carriers in excited states of 3(i- impurity center [16]. In ZnO 
single crystals implanted with hydrogen and nitrogen atoms, the resonant multi-phonon 
scattering by nLO-phonons (wlo = 577 cm"^) under sub-bandgap excitation (2.71 eV) 
was interpreted being based on the model for the Frohlich mechanism of interaction 
between LO-phonons and excitons bound with impurities [17]. On the other hand, 
as it was shown for EuX {X = S, Se, Te) semiconductors, magnetic ordering changes 
the electron band structure, which can be pronounced in resonance effects observed 
in Raman spectra [18j. As a result, one can observe strong multi-phonon processes 
in LO (r)-scattering that are the result of strong electron-phonon interaction related 
with excitation of 4/-shell in Eu. In Raman spectra of Eu, the lines of scattering 
in the vicinity uq = (jOLoiki) and 2ujq are observed, and these are slowly shifted to 
^Lo{k = 0) and 2u)Lo{k = 0) with increasing the applied magnetic field. This resonant 
amplification of Raman scattering by LO (r)-phonons with end wave vectors in europium 
chalcogenides being in ferromagnetic and paramagnetic phases was interpreted with 
account of Froelich electron-phonon interaction and availability of spin fluctuations. 
Up to date, no investigation of resonant Raman scattering in DMS Zui-xCoxO under 
excitation with energies close to electron transitions with participation of 3(i-states was 
performed. 

In this work, we used the complex of analytical methods of AFM and SEM 
microscopy as well as photoluminescence and Raman micro-spectroscopy to study 
electron and structure properties of MBE grown Co-doped ZnO films. Especial 
attention was paid to studying the resonant Raman scattering caused by Co'^~^ centers 
in Zni^xCoxO films with a nano-column structure. It has been shown that detailed 
analysis of Raman resonance effects in ZnO films doped with Co under sub-bandgap 
excitation can give information upon electron states of Oo^"^ centers and the width 
of bandgap. Also, we have ascertained a clear dependence between the value (force) 
of electron-phonon interaction and correlation length that corresponds to diameters of 
the nano-column structure in ZnO films, which are obtained using AFM and SEM 
structural- morphologic investigations. 

2. Experimental details 

The Zni-xCoxO films were grown on c-sapphire substrates in a Riber Epineat MBE 
system equipment with conventional effusion cells for elemental Zn and Co. Atomic 
oxygen was supplied via an Addon radiofrequency plasma cell equipped with a high- 
purity quartz cavity. The film thickness was about 1.7 fim. X-ray diffraction patterns 
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were used to ascertain the overall structure and phase purity. All positions of the peaks 
can be readily indexed to the hexagonal wurtzite ZnO with lattice constants a = 3.2495 
A and c = 5.2069 A for the undoped ZnO sample, which matches well with the values 
of ZnO single crystal. After Co substitution with Zn atom, both a- and c-axis lattice 
constants of ZnO matrix were increased (a = 3.266 (3.259) A and c = 5.197 (5.195) A 
for 5 (15) at.% Co, respectively). In particular, the (002) peak located at about 34.4° is 
much stronger than the others for all the studied samples, which means that ZnO films 
possess a nano-column structure with preferential orientation along c-axis. 

Confocal micro-Raman and PL spectra collected by Jobin-Yvon T64000 triple 
spectrometer, equipped with a CCD detector, were performed using different lines 
of mixed Ar~^/Kr~^ ion laser (457.9 and 488.0 nm) and He-Cd laser (325 nm) with 
output power less than 10 mW. An Olympus BX41 microscope equipped with a xlOO 
objective possessing NA = 0.90 at room temperature measurements and a x50 long- 
focus objective with NA = 0.60 at low temperatures was used to focus laser light on the 
sample and collect scattered light into the spectrometer. Spatial resolution (lateral and 
axial) was about 1 fim. The temperature dependent micro- Raman and PL spectra were 
performed using a Linkam THM600 temperature stage and CRYO Industries RC102- 
CFM helium cryostat. The AFM measurements were performed by a Dimension 3000 
Nano-Scope Ilia scanning probe microscope. The chip structure of Zni^^Co^O samples 
were also studied using a ZEISS EVO-50 scanning electron microscope (SEM). 

3. Results and discussion 

Shown in Fig. [1] are images of surface with its typical morphology for three studied MBE- 
grown ZnO epitaxial films and their corresponding cross-section of the SEM image. 
These ZnO films possess a nanograin structure of surface morphology with the mean 
grain size ~ 140 nm (FigslH [T]l). 

The SEM images near the chipped edge of the studied ZnO film show a column-like 
structure along the growth direction (Fig. Wp)- In the case of 5%Co ZnO (Fig. [It), the 
main grain size is decreased approximately down to ~ 40 nm (Fig. [lb) as compared to 
the undoped sample. In the case of 15%Co ZnO film, a complex structure consisting 
of large blocks (with the size ~ 500 nm) (Fig. Wp), everyone of which possesses a 
substructure with nano-grains of mean sizes close to 28nm (Figs [T]i and [If). In the 
case of 15%Co ZnO films, we observed a difference between AFM surface morphology 
and SEM image obtained with high spatial resolution approximately 2nm. It is related 
with the fact that in the SEM image, beside surface relief, considerable contribution 
is provided by the phase contrast caused by inhomogeneous distribution of Co atoms 
in ZnO film in the sub-surface of the film with the thickness up to ~ 2-3nm. The 
compositional phase contrast is caused by the considerably higher efficiency of electron 
absorption in Co atoms as compared with those of ZnO matrix (2- to 3-times more). 
Therefore, it is reasonable to suppose that the observed clear contrast in SEM images 
in the form of light and dark regions (Fig. [If) may be caused by inhomogeneities in 





Figure 1. SEM images of the surface (a) and cross section (b) of the non-doped film 
and AFM images of surfaces of ZnO films doped with 5%Co (c) and 15%Co (e). High- 
resolution SEM images of ZnO film doped with 15%Co (f). Shown in the insert (e, f) is 
a separate fragment of 15%Co ZnO film obtained using AFM and high-resolution SEM 
methods. Statistically averaged grain size distribution for the ZnO film non-doped (d), 
doped with 5%Co (c) and 15%Co (e). 



lateral distribution of Co atoms for 15%Co ZnO sample in the nanometer scale level. 
This effect can serve as a direct experimental confirmation for formation of enriched 
and depleted with Co local regions in ZnO matrix. It seems interesting to note that in 
15%Co ZnO films mean sizes of light regions in Fig. [T]F (i.e., Co-enriched nano-regions) 
are equal to approximately lOOnm as compared with dark regions corresponding to lower 
Co concentrations (~ 28nm). A similar effect was observed in MBE grown ZnTe films 
doped with Cr atoms in SEM measurements with nanometer spatial resolution |13j . 
The authors interpreted their obtained maps as inhomogeneous lateral distribution of 
Cr atoms in local regions of the size close to SOnm as spinodal component decomposition 
of the Zni_;j.Cr^Se alloy, which in accord with the theoretical investigation [9] can cause 
appearance of ferromagnetism at room Curie temperatures. 
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Figure 2. PL spectra of non-doped (a), doped with 5%Co (b) and 15%Co () ZnO 
epitaxial films. T = 300 K, E^xc — 3.81 eV. Dashed lines indicate Gaussian contours 
for decomposition of NBE emission. 



Performed X-ray diffraction investigation of ZnO films doped with Co did not 
found any secondary structural phase in them within the detection limit. The observed 
inhomogeneous distribution of the doping Co impurity is possibly caused by MBE 
growing process realized in conditions far from the equilibrium ones, when there 
formed are strained Zni^^CoxO films with a grain structure related with spinodal 
component decomposition. It is known that this MBE growth allows essentially higher 
concentrations of magnetic impurities than the equilibrium solubility limit |T0] . 

Shown in Fig. [2^ is the spectrum of near-band-edge (NBE) emission of the non- 
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Figure 3. PL spectra of ZnO films doped with 5%Co (a) and 15%Co (b). E^xc = 2.54 
eV. Dotted lines indicate term energies for Co^+ ions in tetrahedral crystalline 
surrounding. PL bands of the Cr^^:Al203 substrate are subtracted from the spectra. 



doped ZnO film. There one can see the intense band of NBE PL with the peak at 
~ 3.3eV and halfwidth ?a 70meV, which corresponds to emission of excitons bound at 
donor and acceptor states [19]. From the low-energy side, asymmetry in the PL band 
shape can be modeled with Gaussian lines with the distance between their peaks close 
to the LO phonon energy 70meV), which can be indicative of a high efficiency of 
recombination processes related with excited charge carriers and LO phonons. 

In PL spectra of ZnO films doped with Co concentrations 5 and 15% (Fig. [2b, ), 
one can observe a considerable decrease (~ 1000- and 5000-times) in the intensity of 
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NBE PL bands, respectively. In this case, the PL band peak is shifted to the high- 
energy side by AE ^ 15 meV, which can be indicative of a quantum-sized effect or sp-d 
electron band mixing. As the dimensions of nanocrystalline regions {d > 30 nm, Fig. [1]) 
are considerably higher than the exciton radius in ZnO (~ 1 nm) [20], the quantum- 
sized effect can be neglected. When the Co concentration increases, there appears and 
increases the PL band in the high-energy spectral range. It can be modeled by wide 
Gaussian contours peaking at ~ 3.36 eV (P ~ 63 meV) and ~ 3.57 eV (P ~ 189 meV) 
for 5%Co and 15%Co samples, respectively (Figs Eb and El). The latter are ascribed 
by us to emission from two separate regions in Zni_xCoxO, namely: regions enriched 
and depleted with Co atoms, which in a good accordance with SEM investigations 
(Fig. [1]). It should be noted that the observed high-energy shift of both NBE PL bands 
by AE ~ 15 and 200meV cannot be explained by increasing of the Co concentration 
in Zni^xCoxO alloy, as it is known that in the wurtzite structure CoO Eg ~ 2.3 
eV pLlJ. This blue shift can be caused by the sp-d mixing of wave functions inherent 
to electrons of the conduction band with localized ci-states of magnetic impurity. This 
effect is observed in ferromagnetic semiconductors Gai-x.Mn^As {AE ^ 150me\^) and 
EuO {AE ^ 300meV^) where the high-energy shift of the intrinsic absorption edge AE 
increases with magnetization [2T] . 

Also, NBE PL spectra of Zui^^CoxO films show weak additional emission at 

E > 3.7eV caused by relaxation of hot charge carriers with a high concentration (~ 10^^- 
^q2o 

It is worth to note that the intensity of the broad band within the range 2.0 to 
2.3eV^ related with defects [22], Vq [23], [23], [25] is three orders lower in the non- 
doped ZnO films than that of NBE PL band in Zui-xCoxO films. Depicted in Fig. [3] are 
the PL spectra of Zni_xCoxO films at various temperatures for the excitation energy 
lower than the edge of intrinsic absorption in ZnO matrix. In ZnO films doped with 
Co, one can observe the splitting of d"^ configurations inherent to Co^^ ions by electron 
terms as a result of crystalline field effects in tetragonal surrounding of oxygen atoms. 
The parameter of crystalline field in ZnO is A = 5263cm~^ and electron transitions 
between the ground ^A2{F) and excited ^E{G), ^Ti{G), Mi(G), ^Ti(P) terms of the 
Co^"*" ion lie in the forbidden gap of ZnO matrix (Fig. [3]) |26j . 

The narrow emission bands at 1.88 and 2.18eV in low-temperature PL spectra of 
5% and 15%Co samples (T = 10 K, Fig. [3]) correspond to electron transitions '^E{G) 
— )■ ^A2{F) and '^Ai{G) — t- '^A2{F) in the C6^^ center, respectively. The broad emission 
bands at ~ 1.97, 2.05 and 2.3eV correspond to electron transitions ^Ti(G') — )■ ^A2{F), 
^Ti(P) — )• '^A2{F) and '^T2{G) — )■ '^A2{F), respectively (see the notations of terms for 
the Cd^^ center in Fig. [3]). At the background of the narrow band corresponding to the 
electron transition '^E{G) — > '^A2{F) in the Co^^ center, one can observe a broad low- 
energy emission band that was earlier explained by participation of phonons localized 
in distorted crystalline field in this electron transition. With increasing the temperature 
( > 50 K), PL spectra show a considerable decrease in the intensity of emission bands 
within the range of high-energy electron transitions in the Co^^ center, and sharp peaks 
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disappear. However, the intensity of the PL band related with the lowest electron 
transition '^E{G) — )■ ^A2{F) increases in the temperature range from 10 to 300K, and 
the band becomes widen and shifted to the low-energy side by /S.E ^ 70meV (Fig. [3]), 
which can be explained both by the influence of electro-phonon processes and broadening 
the ground level of the interacting Co^"*" centers. 

As known, the electron terms ^Ti(G), ^Ti{P) and ^T2(G) take an active part in 
charge transfer processes for electrons from/onto the Co^"*" center with creation of Co^^ 
and Co^^ states [H]. Therefore, it seems reasonable to assume that the absence PL 
bands related with these terms at room temperature can be indicative of availability 
of nonemission electron transitions from these states to the conduction band of ZnO 
matrix. 

Phonon properties of ZnO and Zui-xCoxO films were investigated using micro- 
Raman scattering in Z{X, X) — Z geometry, where the axis Z is directed along 
the wurtzite c-axis. ZnO crystals possess the hexagonal wurtzite structure (spatial 
symmetry group C|„). In accord with the theory-group analysis, in the F-point of 
the ZnO Brillouin zone the phonon modes belong to the irreducible representation: 
F = Ai{Z) + 2Bi + Ei{X, Y) + 2E2. The modes Ai{Z), Ei{X, Y) and E2 are active in 
Raman spectra, while the modes of Bi symmetry are the so-called "silent" modes, i.e., 
these cannot be observed in Raman spectra. In non-resonant Raman spectra of non- 
doped ZnO films with Eg^c = 2.54eV, one can observe the intense and phonon modes at 
~ 100.5cm~^ (F = 1.6cm~^) and ~ 439.5cm~^ (F = 5.0cm~^), respectively (Figs [Hand 
|5]). The observed high-frequency shift of the mode by Au ~ 2.5cm~^ as compared with 
bulk ZnO corresponds to bi-axial compression strains in the plane perpendicular to the 
c-axis. The difference two-phonon mode £^2*^'* — £"2°^" is observed at ~ 333cm~^. The 
Ai{LO) mode at 574cm^ possesses very low intensity in high-quality ZnO films, which 
is related with destructive interference between Froehlich interaction and deformation 
potential contribution to the LO scattering in ZnO [27]. The observed phonon modes 
correspond to wurtzite ZnO crystal [28]. The asterisk in Fig. [5] indicates the intense 
phonon mode of Aig symmetry at 418cm~^, which is inherent to sapphire substrate. 

Doping the ZnO films with Co atoms causes structural disordering the crystalline 
lattice and stoichiometric changes in it. As the non-polar E2^^^ mode corresponds to 
oscillations of metal atoms, and £^2°^" " oscillations of oxygen atoms in the plane 
normal to c-axis, they are very sensitive to disordering both in cation and anion sub- 
lattices, respectively. With increasing the Co concentration in the studied samples, the 
intensity of these E2 modes decreases. E2°^ [e!^^^^) mode is shifted to the red (blue) 
spectral ranges by ~ 0.7 (1.2)cm~^ and is broadened up to ~ 2.2 (~ 13.0) cm~^ as 
a consequence of structural disordering and violation of the translation symmetry in 
metal (oxygen) sub-lattices and/or creation of Zni^^CoxO solid solution. 

Also, new additional broad bands appear within the range 550-600cm~^ (Figs [Hand 
|5]) [29] in Raman spectra of Zni_xCoxO films. In general, these bands can be caused by 
Co- impurity substitution in cation sublattice and correspond both to local resonant 
impurity oscillations and impurity-activated vibration bands related with forbidden 
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Figure 4. Micro-Raman spectra of the non-doped ZnO film (a) and Zni^xCoxO 
films for X = 5 (a) and 15% (b) obtained at various values of the excitation energy. 
T — 300 K. The spectra have been normalized by the intensity of the Aig phonon 
mode of the sapphire substrate at 418cm~^. 

Raman scattering with wave vectors of phonon density of states, in particular, as a 
consequence of selection rule violation [30]. It is very difficult to distinguish between 
these two types of vibrations in Raman spectra, as their frequencies are close [30]. It is 
appropriate to note that that forbidden Raman scattering was also observed in magnetic 
materials, in particular in halogenides of transition elements EuX {X = S,Se,Te), 
where the multi- phonon LO (r)-process of scattering caused by spin disordering and 
mixing between electron and magnetic excitations is dominant [18] . The broad band at 
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Figure 5. Micro-Raman spectra of tlie first order witliin tlie range 80 to 750cm~^ 

for Zni-xCoxO films at x = 5 (a) and 15% (b) obtained at various values of the 
excitation energy. T = 300 K. The asterisk indicates the Aig phonon mode of the 
sapphire substrate. 
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~ 471.0cm~^ is ascribed to surface optical phonons (SP-mode) that can be detected with 
the frequency position between TO and LO modes in ZnO nanostructures with the sizes 
< lOOnm |3T]. It should be noted that in Raman spectra of the studied Zni^xCoxO 
films, we did not found any additional phonon bands that could correspond to secondary 
structural phases such as C03O4 or ZuxCos-xO^ [15\. 

Shown in Fig. H] are the Raman spectra of Zni_xCoxO films under subband 
excitation (-Eexc = 2.54 and 2.71 eV) as well as under resonant excitation within 
the range of intrinsic absorption (-Eexc = 3.81 eV). In these spectra, one can see the 
bands caused by the multi-phonon LO-process of resonant Raman scattering that will 
be analyzed in detail below. 

Fig. |5] illustrates well resolved Raman spectra of the first order for Zni_.xCoxO 
films within the frequency range 80 to 750cm~^. It is known that structural defects and 
local fluctuations of the component composition for Zui^xCoxO alloy cause violation 
of the selection rules as to the wave vector (q = 0), which provides participation of 
phonons with arbitrary wave vectors in the process of Raman scattering. Thus, the 
sharp peaks in the intense band at 550 -i-600cm~^ that is observed in various geometries 
of experiments can be related with the van Hove singularities or with critical points 
located in directions of high symmetry in the Brillouin zone and correspond to maximum 
values of the density of single-phonon states in ZnO [32] and/or to the frequency of local 
Co-impurity resonant vibrations. 

In spectra of resonant Raman scattering, when the energy of excitation quantum is 
close or higher than the energy of real electron states in semiconductor, one can detect 
bands that correspond to multi-phonon LO-process of scattering caused by the Froehlich 
electron-phonon mechanism of interaction [33]. It means that the resonant Raman 
scattering may be useful when studying the interband energy electron transitions in 
semiconductors. The multi-phonon scattering by LO-phonons was observed in resonant 
Raman scattering in monocrystalline bulk ZnO, ZnO films and ZnO nanowires. In all 
these cases, excitation of Raman spectra in samples was performed using the discrete 
emission line from a He-Cd laser with the energy E^xc = 3.81e^ (325nm) that is 
^ 440meV lower than the width of ZnO forbidden gap, which corresponds to the 
condition of input resonance with interband electron transition. As seen from Fig. HI in 
the resonant Raman spectra of the studied Zni-xCoxO films, on the broad background 
of edge luminescent emission, one can observe LO-phonon modes at 574cm~^, 1170cm~^, 
... for 5%Co and at 574cm~^, 1170cm~^, ... for 15%Co that correspond to ILO, 
2L0, 3L0, ALO and 5L0 phonon bands of Zni^xCoxO (Figs H and [5]). Rather 
extraordinary was the effect that when exciting the Raman spectra in Zni^^CoxO films 
with the quantum energy within the range 2.54 to 2.71eV (subband excitation), one 
can observe a considerable (approximately 10-times) increase in the intensity of the LO 
signal and multi-phonon LO-scattering up to the fifth order (Fig. H]). It is unambiguous 
confirmation of the resonant Raman scattering process. 

It is noteworthy that this resonant dependence was observed only in Co-doped ZnO 
samples. Unusual was the observed low-frequency shift of all the LO-phonon repetitions 



Nature of resonant Raman scattering in ZnCoO films under sub-band excitation 13 

under subband (2.54 and 2.71eV) as compared with band-to-band (3.81eV^) excitation 
in micro-Raman spectra obtained from the same local region of the sample. When 
using the subband excitation, it is rather difficult to estimate the value of frequency 
shifts with account of the frequency position inherent to ILO band of the first and 
2L0 band of the second scattering order. This cumbersome situation can be caused 
by the fact that in our micro-Raman experiments we study a local region with the 
diameter ~ SOOnm where available are at least two nano-regions of Zui^xCoxO alloys 
with various component compositions (both enriched and depleted with Co, Fig. [1]). As 
a result, we have simultaneously observed two resonant processes of Raman scattering 
with different degree of efficiency in local regions of Zni^xCoxO samples. In the case of 
dominant resonant process in the Zui^rcCo^O film, the frequency shift of 3L0 line of 
the third order is close to ~ 65.6cm~^ and ~ 48.9cm~^ for concentrations 5 and 15%Co. 
Note that the effect of frequency change for LO phonons in resonant Raman spectra 
cannot be explained by only participation of the Brillouin zone with in the multi-phonon 
process of phonon scattering, which was observed in GaN films {uj2lo < ^colo) IMj- In 
the opposite case, the LO-phonon frequency could be the same under subband and 
band-to-band excitation. 

To explain the resonant character of Raman spectra under subband excitation, we 
have proposed the following energy diagram for Zui^^CoxO films (Fig. [6]). Using the 
determined from PL spectra (Fig. [3]) energy positions of emission bands that correspond 
to intra-center optical transitions from the ground state '^A2{F) to the excited states 
of electron transitions ^Ti{G), ^Ti(P) and ^T2{G) ^A2{F) inherent to the ion Co'^+, 
we estimated the depth of the ground level for this center relatively to the edge of 
valence band as 0.8 to l.OeV. Due to partially filled 3d shells, the Co impurity atoms 
can exist in various charge states. As to ZnO, it is adopted that change in the charge 
state of 3(i-impurity is possible either due to shallow donor centers (vacancies of oxygen, 
Vo, Ed = 25 meV, interstitial zinc Zui, Ed = 25 meV) or under photoionization by 
light. It was formed the bounding states due to the long-range Coulomb interaction 
as a result an electron occupies by the hydrogen-like orbital of the donors. The 
excited states of 3(i-defect centers together with the donor states of ZnO host are 
formed a defect exciton [35]. So, it was observed the resonant Raman processes and 
a selective enhancement in multi-phonon scattering by LO phonons. Our results show 
that the intermediated states in multi-phonon scattering by LO phonons in Zni_^Co^O 
under sub-bandgap excitation is a excited state of 3d-deiect Co^^ centers bounded to 
a the localized exciton with the Frohlich mechanism. This approach of the resonant 
enhancement is a similar one observed for EuX {X = S, Se, Te) semiconductors in 
multi-phonon scattering by LO phonons which is due to a strong interaction phonons 
with localized electrons in non-filled 4/-shells [18j. 

Existence of magnetic excitations related to the ground state of Co^~^ center with 
the frequency in the ferromagnetic phase (T < T^) provides creation of a magnetic 
sub-band that consists of the states \S^ = S >, \S^ = S — 1 >, etc [36]. Mixing 
the magnon-phonon excitations results in the low-frequency shift and broadening the 
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Figure 6. Electronic states involved in the resonance Raman scattering for 
magnetically ordered phase of the Co doped ZnO films. The top of valence (Ey) 
and bottom of conduction (Ec) bands correspond to zero and 3.4 eV, respectively. 
The Fermi level {Ep ) indicates the degenerate semiconductor with the electron 
concentration n w 10^" cm~^ . It shows electronic transition of Co^+ 3(f orbitals by 
'^A2{F) and ^T2{G) terms. The localized magnetic moments of Co^~^ can long-range 
interact via the collective electrons of the conduction band and form the impurity 
sub-band near the bottom of conduction band. uji{ujs) is the frequency of the incident 
(scattered) phonon. u)ph{^m) is the frequency of the phonon (magnon). 



orders of LO phonons in resonant Raman spectra under sub-band excitations in Co- 
doped ZnO films. The analysis of low-frequency shifts of LO-phonon repetitions in the 
Raman spectra under resonant and non- resonant excitation conditions allows estimating 
the band width for magnetic sub-system. 

4. Conclusion 

In this paper, we have studied the optical and electronic properties of the MBE-grown 
non-doped, 5 and 15% Co-doped ZnO thin films. SEM and AFM investigations have 
found that with growth of the Co concentration the grain diameter is decreased, and 
one can observe spinodal component decomposition of Zni^xCoxO alloys. It results 
in inhomogeneous distribution of Co atoms. There arise local regions enriched and 
depleted with Co that possess the dimensions within the range ~ 15 — 20 nm. 

In the spectra of band-to-band PL, one can detect two bands, which is in accord 
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with the possibihty of creation of two regions with different the Co concentration. The 
band that corresponds to a higher concentration of Co atoms is shifted to the high-energy 
side as compared with the band corresponding to regions with a lower Co concentration. 
The shift to the high-energy side is a result of sp-d mixing of wave functions inherent 
to electrons of the conduction band with localized d-states of magnetic impurity. 

In temperature-dependent PL spectra under excitation energies lying in the visible 
range, we have detected energy transitions in the Co^"^ center: '^E{G), ^Ai(G), ^Ti(G), 
^Ti(P), ^T2(G) — > '^A2{F), positions of which did not depend on the Co concentration 
in ZnO matrix. 

Under band-to-band and sub-band excitation, we have detected resonant multi- 
phonon Raman spectra in Zrii^xCoxO films. It has been investigated the dependence 
of the intensity for LO-phonon mode on the energy of exciting laser radiation. We have 
shown the possibility to study excited states of the Co^^ center in Zui^xCoxO by using 
the resonant Raman effect. It allows studying the excited states of Co^"*" centers that 
have no luminescence. 
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